Background--Ischemic preconditioning (IPC) protects the heart from prolonged ischemic insult and reperfusion injury through a poorly understood mechanism. Post-translational modifications of histone residues can confer rapid and drastic switches in gene expression in response to various stimuli, including ischemia. The aim of this study was to investigate the effect of histone methylation in the response to cardiac ischemic preconditioning.
W hile timely restoration of coronary blood flow is essential for limiting myocardial injury and improving clinical outcomes after myocardial infarction (MI), reperfusion of ischemic myocardium can in itself induce injury and accelerate cardiomyocyte necrosis. 1 Cardioprotective therapy has the potential to reduce ischemia/reperfusion injury and further improve outcomes after MI. 2 Cardiac ischemic preconditioning (IPC), ie, brief repeated periods of nonlethal ischemia, protects the heart from prolonged ischemic insult and reperfusion injury, decreasing infarct size and improving cardiac function. 3, 4 Even though the clinical benefit of ischemic conditioning has been tested in an increasing number of proof-of-concept studies, 5 our knowledge of the underlying molecular mechanisms that mediate these cardioprotective effects is still incomplete. IPC results in 2 windows of protection; the first begins immediately after the treatment and lasts for 2 to 3 hours, 3 whereas the second begins 12 to 24 hours after treatment and lasts 48 to 72 hours. 6 While the first window of protection is thought to be mediated by rapid events, such as opening of the mitochondrial K ATP -channel or inhibition of the mitochondrial permeability transition pore, the delayed cardioprotective effect is believed to be the result of transcription and de novo synthesis of specific distal mediators. 7 IPC has been shown to trigger specific gene expression patterns in the heart, 8, 9 but little is known about the regulatory mechanisms that govern this genetic reprogramming. The global genetic expression profile of a cell is in part regulated by post-translational modifications of histones, which influence accessibility of the DNA to proteins that regulate gene expression. While the role of histone acetylation in ischemic injury has been well characterized, 10 and histone deacetylase inhibitors have been shown to mitigate cardiac ischemia/reperfusion injury, 11 histone methylation in IPC has not been extensively characterized. The aim of this study was to investigate the effects of IPC on histone methylation patterns and its importance for cardioprotection.
Methods Mice and Surgical Procedures
All procedures were performed according to protocols approved by the Institutional Committee for Use and Care of Laboratory Animals, University of Innsbruck. The investigation conforms with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health. The procedure for myocardial ischemia-reperfusion in mice has been described previously. 12 Briefly, mice were anesthetized with a mixture of medetomidine (0.5 mg/kg), midazolam (5 mg/kg), and fentanyl (0.05 mg/kg) administered via an intraperitoneal injection. The chest was opened by a lateral cut along the left side of the sternum. After incision of the pericardial sac, a 1-mm section of polyethylene-10 tube was placed on top of the left descending artery to secure ligation without damaging the vessel. Ischemia and reperfusion was achieved by ligation and loosening of an 8-0 silk suture around the left descending artery. Mice were subjected to 4 cycles of 5-minute ischemia and 5-minute reperfusion, followed by 30 minutes of reperfusion. Hearts were harvested and perfused with PBS and biopsies from the ischemic area (area at risk, AAR) and nonischemic area (remote myocardium, RM) were collected and stored at À80°C. Sham animals were treated the same except for ligation of the vessel. Biopsies were obtained from the same regions of the heart as with IPC mice.
Protein Extraction and Western Blot Analysis
Heart tissue was homogenized in RIPA Buffer (50 mmol/L Tris pH 7.4, 150 mmol/L NaCl, 1% Triton X-100, 0.5% Na deoxycholate, 0.1% SDS, 1 mmol/L EDTA, and 1X Complete Mini EDTA-free protease inhibitor; Roche, Indianapolis, IN). For in vitro experiments, cells were scraped in RIPA buffer. Samples were sonicated using a probe sonicator. Debris was removed by centrifugation. Protein levels were quantified using a BCA assay (ThermoFisher Scientific Pierce, Rockford, IL). Ten micrograms of protein were size separated using SDS-PAGE, transferred to nitrocellulose membranes, and subjected to standard immunoblotting procedures using antibodies targeted against G9a/Ehmt2 (C6H3), H3K9me2 Visual inspections of per-base sequence quality, per-sequence GC content, and sequence duplication levels were inspected, and were determined acceptable. Reads were mapped against mm10 using Bowtie 2 with no mismatches in seed sequence allowed. 13 Average alignment was 89.8AE0.512% (mean AESEM; Table S1 ). Both the SICER 14 
ChIP-qPCR
Primers corresponding to the genomic regions in the mTOR gene with differentially enriched H3K9me2 ChIP-seq peaks were designed using Primer Blast. 20 
siRNA-Mediated Knock Down of Ehmt2
HL-1 cells at 70% to 80% confluency were transfected with Silencer Select siRNA to Ehmt2 (Thermo Fisher, ID: s99720), Mtor (Thermo Fisher, ID: s80901), or scrambled negative control siRNA using Lipofectamine RNAiMax Reagent (Thermo Fisher) according to the manufacturer's instructions. Three sets of transfections were performed with at least 3 biological replicates in each treatment group. Cells were harvested 72 hours after transfection and successful knock down of target mRNA and protein was confirmed with quantitative real-time polymerase chain reaction and Western blot as described below.
Quantitative Real-Time Polymerase Chain Reaction
Total RNA from transfected cells were prepared using the miRNeasy mini kit (Qiagen) and cDNA was synthesized using the H-RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher) using random hexamer primers. Two-step quantitative real-time polymerase chain reaction was performed on a StepOne Plus Real-Time PCR System using TaqMan Universal Master Mix II No UNG and TaqMan assays (Thermo Fisher) for Ehmt2 (ID: Mm01132261_m1), Mtor (ID: 00444968), and Actb (ID: Mm00607939) with the recommended PCR program. Each sample was run in duplicate on the qPCR plate. Data were presented using the 2 ÀDDCt method with Actb as reference gene and expressed relative to the mean of the cells treated with negative control siRNA.
Autophagy Assay
HL-1 cells transfected with Ehmt2 siRNA or negative control siRNA (as described above) were either treated with 5 lmol/L rapamycin for 18 hours or cultured in serum-free medium (Hank's Balanced Salt Solution, Thermo Fisher) containing 10 lmol/L chloroquine for 4 hours to induce autophagy. Two separate experiments with at least 6 biological replicates in each treatment group were performed. Autophagic activity was probed using the CYTO-ID Autophagy Detection Kit (Enzo Life Sciences, Farmingdale, NY) and measured with flow cytometry. For quantification of autophagy, cells were stained as per the manufacturer's instructions and run in a BD Accuri Flow Cytometer. The mean fluorescence intensity in FL-1 was used as a measure of autophagic activity.
Hypoxia Assay
HL-1 cells were transfected with Ehmt2 siRNA or negative control siRNA (as described above). Seventy-two hours after transfection, cells were placed in a hypoxia chamber (1% pO 2 ) at 37°C for 6 hours. pO 2 was maintained using a ProOx P110 Oxygen controller (Biospherix, Parish, NY). Cell death was measured after 1, 3, and 6 hours using the Lactate Dehydrogenase Activity Assay Kit (Sigma Aldrich) according to the manufacturer's instructions. Two separate experiments with at least 6 biological replicates in each treatment group were performed.
Visualization of Lysosomes in Live Cells
HL-1 cells were seeded in 8-well glass bottom l-Slides (Ibidi GmbH, Martinsried, Germany) at 80 000 cells/well and incubated overnight at 37°C. Cells were then transfected with Ehmt2 siRNA or scrambled control siRNA as described above. Seventy-two hours post-transfection, cells were grown in the presence of 5 lmol/L rapamycin or vehicle and incubated at 37°C for 16 hours. Lysosomes were stained using 100 nmol/L Lysotracker (Thermo Scientific) for 1 hour and counterstained with 3 lg/mL Hoechst 33342 (Thermo Scientific). Live cell imaging was then performed using a Nikon Confocal A1+ microscope at 920 magnification.
Statistical Analysis
All statistical analyses were performed in Prism 6 (GraphPad Software Inc., La Jolla, CA). Data represent the meanAESEM and were analyzed by Student t test, 1-or 2-way ANOVA with Bonferroni post hoc analysis as appropriate. Statistical significance was considered when P<0.05.
Results

Ischemic Preconditioning Increases Dimethylation at H3K9
Mice were subjected to a cardiac IPC program through reversible ligation of the left coronary artery, consisting of 5 minutes of ischemia followed by 5 minutes of reperfusion repeated 4 times. IPC treatment was followed by 30 minutes of reperfusion before the mice were euthanized and cardiac biopsies from the myocardial region supplied by the ligated vessel (AAR) and RM were isolated. In order to determine whether IPC alters histone methylation patterns, we quantified global levels of H3K4me3, a well-characterized euchromatin mark associated with transcriptional activation, as well as H3K9me2 and H3K27me3, modifications that confer chromatin condensation and transcriptional repression. 22 Of these, only H3K9me2 was altered in response to IPC ( Figure 1 and Figure S1 ). H3K9me2 was significantly increased in IPC myocardial AAR compared to remote myocardium (RM, 2-way ANOVA indicated a significant effect of area: F 1,8 =7.292, P=0.0271 and of ischemia: F 1,8 =6.798, P=0.0313, n=3; Figure 1 ). No change was observed in sham animals. Methylation at H3K9 is predominantly mediated by the histone methyltransferase G9a. However, we did not observe an increase in G9a protein in IPC AAR ( Figure S2 ).
ChIP-Seq Reveals mTOR as Differentially Enriched in H3K9me2 After IPC
To assess which genes were affected by the H3K9me2 enrichment on a genome-wide scale, we performed ChIP-Seq using cross-linked chromatin from the AAR and RM of IPC mice (n=6). To identify robust H3K9me2 peaks, we used both SICER and CisGenome for peak calling, and analyzed differentially enriched peaks between the AAR and RM. The number DOI: 10.1161/JAHA.116.004076
Journal of the American Heart Association of differentially enriched peaks in the AAR compared to the RM, within and up to 10 kb upstream of genes, was 43 974 for CisGenome and 53 386 for SICER. The total number of genes with differentially enriched peaks were similar between the 2 peak callers (%14 000 genes). In parallel with ChIP-Seq, we performed transcriptome profiling of AAR and RM biopsies from IPC mice using microarray (n=3). A schematic overview of the analysis pipeline is shown in Figure 2A . Statistically significant differentially expressed genes with a fold change of >2 were identified through Volcano Plot filtering and yielded a total of 3891 genes, of which 1212 were upregulated and 2679 were downregulated in the AAR compared to the RM. To validate the ChIP-Seq results and identify genes that were transcriptionally repressed by H3K9me2 enrichment, we compared the genes with differentially enriched peaks identified by both peak callers with the genes that were significantly downregulated with a fold change >10 on the microarray and found 236 genes that overlapped (Table S2) . We performed pathway analysis on this set of genes using the WebGestalt analysis tool 23 (Table S3 ) and found pathways with known function in the cardioprotective effect of IPC such as "Ubiquitin mediated proteolysis", 24 "Regulation of actin cytoskeleton," 25 and "Metabolic pathways." 26 Moreover, pathways with relevance to cardiac biology, such as "Arrythmogenic right ventricular cardiomyopathy," "Adherens junction," and "Tight junction" were also enriched in the gene set. For the 236 genes in the set, significantly enriched peaks were calculated using EdgeR and a heat map based on the SICER ChIP-Seq read number for each peak and sample was generated using MicroScope 27 ( Figure S3 ). Hierarchical clustering showed a clear separation of AAR and RM samples. A literature search identified 17 genes from the list that could be associated with cardiac function or cardioprotection and mechanistic target of rapamycin (Mtor) was chosen for further analysis. This was based on the fact that Mtor is an essential regulator of autophagy, 28 and the autophagic response is a crucial component in the cardioprotective effect of IPC. 29, 30 We hypothesized that IPC causes dimethylation of H3K9 throughout Mtor, thereby inhibiting its expression, leading to increased cardiac autophagy and a cardioprotective effect. We identified 10 regions of differential H3K9me2 enrichment in the Mtor gene based on SICER peaks, covering in total >50% of the entire genomic region, and 1 region in the distal promoter ( Figure 2B ). Analyzing peaks called by CisGenome, we identified 13 regions of differential H3K9me2 enrichment in Mtor, of which 4 overlapped with SICER regions (named Region 1-4 in Figure 2B ). We performed ChIP-qPCR on AAR and RM from IPC biopsies using primers specific for these 4 regions and verified that H3K9me2 is significantly more enriched at Mtor in IPC AAR as compared to remote myocardium (2-way ANOVA indicated a significant effect of area: F 1,20 =7.373, P=0.0133, n=3-6; Region 3 did not amplify; Figure 2C ). As controls, enrichment of H3K9me2 in the MyoD promoter and lack of H3K9me2 in the Gapdh promoter was shown ( Figure S4 ). The background signal was assessed using an IgG antibody, and was consistently very low, with a mean signal of <0.01% of Input DNA ( Figure S4 ). Consistent with the repressive effect of H3K9 dimethylation, and with the results from the microarray, a significant decrease in Mtor expression in the AAR was confirmed with qPCR ( Figure 2D ).
mTOR Expression Is Regulated by the Methyltransferase Activity of G9a
Methylation of H3K9 is primarily mediated by the methyltransferase G9a 31 (encoded by the Ehmt2 gene), and we hypothesized that the enrichment in H3K9me2 across the Mtor gene would be dependent on G9a. To test this, we performed siRNA-mediated knock down of Ehmt2 in the murine cardiomyocyte cell line HL-1. Seventy percent to 80% knock down of Ehmt2 mRNA and protein were confirmed 72 hours post-transfection ( Figure 3A and 3B, P<0.001).
Moreover, the total H3K9me2 levels decreased by more than 50% in cells treated with Ehmt2 siRNA (Figure 3C , P<0.01), confirming decreased G9a methyltransferase activity in these cells. To show that G9a/Ehmt2 regulates H3K9me2 levels throughout Mtor, we performed ChIP-qPCR with primers corresponding to the 4 differentially enriched H3K9me2 regions identified by ChIP-Seq, and showed that Ehmt2 knock down resulted in a significant decrease in H3K9me2 levels at all 4 regions ( Figure 3D ). Moreover, Ehmt2 knock down resulted in increased mTOR expression, both on the mRNA and protein levels ( Figure 3E and 3F). Taken together, these results indicate that Ehmt2 confers H3K9 di-methylation across Mtor and inhibits its expression.
G9a Regulates Cardiomyocyte Autophagy and Sensitivity to Hypoxia
Since mTOR is an important regulator of autophagy, and autophagy is a crucial component of the cardioprotective effect of IPC, we hypothesized that G9a/Ehmt2 regulates cardiac autophagy through mTOR. Lysomal/autophagic vacuoles were detected in HL-1 cells using a fluorescent probe and analyzed using flow cytometry. Ehmt2 knock down caused a decrease in autophagic activity, both under baseline conditions as well as when treated with 2 separate autophagic stimuli: 5 lmol/L rapamycin and 4 hours of serum starvation (Figure 4) . To explore the details of this effect, we performed live cell imaging of transfected and rapamycin-treated HL-1 cells stained with a fluorescent lysosomal dye. There was a clear reduction in the amount and size of lysosomes in the cells transfected with Ehmt2 siRNA compared to negative control siRNA ( Figure 4C and 4D). This suggests that Ehmt2 is necessary for full autophagic response in cardiomyocytes. Moreover, to confirm that G9a provides cytoprotection to cardiomyocytes in response to hypoxia, HL-1 cells transfected with Ehmt2 siRNA or negative control siRNA were cultured under hypoxic (1% pO 2 ) conditions. Cell death was assayed by lactate dehydrogenase release into the cell medium after 1, 3, and 6 hours. As expected, a substantial increase in cell death was seen after 6 hours. This effect was substantially more pronounced in the cells transfected with Ehmt2 siRNA (Figure 4E ), suggesting that Ehmt2 knock down renders cardiomyocytes more sensitive to hypoxia.
Inhibition of mTOR Transcription Is Sufficient to Affect Autophagic Activity in Cardiomyocytes
We hypothesized that IPC causes downregulation of Mtor transcription through increased H3K9 dimethylation, and that this would be sufficient to affect autophagic activity in cardiomyocytes. To confirm that the immediate effect of IPC is on Mtor transcription, and not a result of altered Mtor protein levels, we measured Mtor protein in cardiac biopsies from mice euthanized 30 minutes after IPC and could not detect a difference between the AAR and RM ( Figure 5A ). To confirm that decreased transcription of Mtor in itself is sufficient to affect autophagic activity in cardiomyocytes, we inhibited Mtor gene expression in HL-1 cells via siRNA and monitored autophagic activity with the assay described above ( Figure 5B ). Mtor gene expression was reduced by 50% already at 2 hours post-transfection and was maintained suppressed throughout the time course of the experiment (48 hours). A significant increase in autophagic activity could be seen in cells transfected with Mtor siRNA 5 hours post-transfection, and the effect became increasingly pronounced at the later time points. These results indicate that inhibition of Mtor transcription is sufficient for inducing autophagy in cardiomyocytes.
Discussion
Despite intense effort, the cardioprotective mechanisms triggered by IPC are still poorly understood on the molecular level. The second window of protection conferred by cardiac IPC, which begins 12 to 24 hours after treatment and lasts 48 to 72 hours, is believed to be the result, at least in part, of transcriptional activation or repression of certain genes or gene programs. Although IPC has been shown to activate transcription factors such as NFjB, STAT1/3, and HIF-1a, which mediate the transcription and synthesis of de novo distal mediators of cardioprotection, 7 there is reason to believe that the second window of protection is also orchestrated by epigenetic switches. For example, there is evidence that the neuroprotective phenotype induced by IPC of the brain relies on epigenetic changes. 10 Moreover, caveolin has been shown to induce cardioprotection through epigenetic alterations in preconditioned hearts 32 and inhibition of histone deacetylase activity mitigates ischemic injury in isolated mouse hearts 11 and reduces MI size in vivo. 33 Although there is evidence for the role of histone acetylation in the cardioprotective effect of IPC, much less is known about histone methylation. This prompted us to investigate the effect of IPC on global levels of 3 of the most well-studied histone methylation marks: H3K4me3, H3K9me2, and H3K27me3. We found a significant increase in the levels of H3K9me2 in the preconditioned cardiac tissue (AAR) compared to remote myocardium. Methylation at H3K9 is predominantly mediated by the histone methyltransferase G9a. Considering the short time frame (30 minutes) between the end of IPC treatment and euthanizing the mice, increased expression of Lysosomes were stained with Lysotracker Green and Hoechst was used for counterstaining. Live cell imaging was performed using a Nikon Confocal A1+ microscope at 920 magnification. E, HL-1 cells were transfected with Scr siRNA or Ehmt2 siRNA and cultured under hypoxic conditions (1% pO 2 ) for 6 hours. Cell death was assayed after 1, 3, and 6 hours by measuring lactate dehydrogenase (LDH) release into the cell medium. At 6 hours, the amount of LDH was significantly higher in cells transfected with Ehmt2 siRNA (2-way ANOVA with Bonferroni correction for multiple comparisons, ***P<0.001) than in cells transfected with negative control siRNA. Results are derived from 2 separate experiments with 6 biological replicates in each treatment group.
G9a is not a likely explanation for this effect and we did not observe an increase in G9a protein in IPC AAR, suggesting that either another H3K9-targeted epigenetic enzyme could be responsible for the IPC-induced increase in H3K9me2, or that G9a activity is increased through a mechanism independent of overt expression changes, such as recruitment to chromatin or post-translational modification. To identify the genes affected by increased H3K9 di-methylation on a genome-wide scale, we performed ChIP-Seq on AAR and RM biopsies from IPC mice. This is to our knowledge the first study analyzing global H3K9me2 levels in cardiac tissue. Differential enrichment of H3K9me2 was seen in %14 000 genes in preconditioned myocardium, suggesting that IPC has a rapid and profound effect on the cardiac chromatin state. To identify genes that were repressed by increased levels of H3K9me2, we performed transcriptomic profiling of AAR and RM tissue from IPC mice. More than 200 genes were found to be both enriched in H3K9me2 and transcriptionally repressed in the AAR compared to the RM. Pathway analysis of this gene set revealed several pathways with known functions in IPC and cardiac biology. One example was the pathway "Regulation of actin cytoskeleton." Polymerization of actin is believed to increase the tolerance of the cytoskeleton to stress, and the cardioprotective effect of IPC is dependent to some extent on the interaction between the K ATP -channel and the actin cytoskeleton. 25 It is interesting to note that the regulation of this process seems to have an epigenetic component. Other pathways of particular interest were those pertaining to metabolism and ubiquitin-mediated proteolysis, considering the strong links between autophagy and IPC. 34 Autophagy is a highly conserved intracellular process responsible for the degradation of aggregated or misfolded proteins and damaged organelles, and plays an important role in the cellular stress response, including the response of cardiomyocytes to ischemia/reperfusion. Autophagic activity is increased in ischemic cardiomyocytes 35 and confers beneficial effects in ischemia/reperfusion injury. 36, 37 IPC is generally considered to induce autophagy in cardiomyocytes, 38 but the underlying mechanism is poorly understood. Mtor is a serine/threonine kinase that inhibits autophagy by phosphorylating components of the UNC-5-like autophagy activating kinase complex. 28 Therefore, of the genes identified by our bioinformatics pipeline, Mtor was chosen as the most interesting candidate for mechanistic characterization. We could confirm that IPC caused increased levels of H3K9me2 throughout the Mtor gene in the AAR of mouse hearts and that knock down of G9a inhibited H3K9me2 levels, as well as Mtor expression and cardiomyocyte autophagy. A schematic representation of the proposed mechanism is shown in Figure 6 . In contrast to the results of this study, there are reports showing that inhibition of G9a induces autophagy through Mtor-associated pathways. Li et al show that G9a is overexpressed in bladder carcinoma cells, that these cells require G9a for proliferation and survival, and that inhibition of G9a leads to an induction of autophagic cell death. 39 ArtalMartinez et al show that inhibition of G9a in pancreatic cancer cells induces autophagy through epigenetic regulation of several autophagy-related genes. 40 However, regulation of autophagy has been shown to be highly tissue and context specific, 41 and the role of autophagy in cancer cells is very complex and likely to be affected by tumor type and genetic makeup. 42 Therefore, comparing the results of these cells to the biologically very different cardiomyocyte is not straightforward. Inhibition of Mtor has previously been shown to confer cardioprotection in isolated mouse hearts 43 and reduce ventricular remodeling after myocardial infarction. 44 Although remote ischemic conditioning has been associated with Journal of the American Heart Association enhanced autophagy through post-translational modification of the Mtor protein, 45 the present study provides the first evidence of G9a-dependent epigenetic regulation of Mtor expression, and a potential role for G9a in regulating autophagy in response to cardiac IPC. Further investigation into the mechanistic link between G9a and the cardioprotective effect of IPC in vivo is, however, still warranted, and will be the subject of future studies. Western blot analysis of cardiac biopsies from the area at risk and remote myocardium of IPC mice (n=3) revealed no significant difference in G9a levels in the area at risk. Figure S3 . H3K9me2 heat map. Genes that where both enriched in H3K9me2 and transcriptionally repressed were identified (n=236). Differentially enriched peaks within those genes were calculated using EdgeR and a heat map based on the read number for those peaks was generated using MicroScope. Figure S4 . Controls for the H3K9me2 ChIP-PCR. As a control for the H3K9me2 ChIP, enrichment of H3K9me2 at the MyoD promoter and lack of H3K9me2 at the Gapdh promoter was assessed with ChIP-qPCR on cardiac biopsies from sham mice (n=3). As a negative control, an IgG IP was performed on the same samples.
